The electrical conductivity and morphological characteristics of two conjugated polymers, P3HT and PCPDTBT, p-doped with the strong electron acceptor tetrafluorotetracyanoquinodimethane (F4-TCNQ) are studied as a function of dopant concentration. By combining scanning and transmission electron microscopy, SEM and TEM, with electrical characterisation we observe a correlation between the saturation in electrical conductivity and the formation of dopant rich clusters. We demonstrate that SEM is a useful technique to observe imaging contrast for locating doped regions in thin polymer films, while in parallel monitoring the surface morphology. The results are relevant for the understanding of structure property relationships in doped conjugated polymers.
INTRODUCTION
A prerequisite for the success of organic electronics in the current informationtechnology and renewable energy markets is performance and reliability. Recent scientific efforts towards this milestone focus on the use of dopant molecules to improve the electrical transport characteristics of light emitting diodes and solar cells [1] [2] [3] [4] . Doping has been also demonstrated to be critical for tuning the carrier injection properties at metal-semiconductor interfaces, potentially leading to full control over device parameters [5] [6] [7] . Spatially controlled positioning of dopants can be used to tune injection [6, 8] , improve carrier drift/diffusion in transport layers [9] [10] [11] and also charge separation at heterojunctions [12] .
In organic devices based on small molecules, control of dopant positioning can be achieved by sequential evaporation of individual materials to form layered stacks [1] . In contrast, the controlled positioning of dopants in solution processable organic semiconductors, such as conjugated polymers, remains a challenge. Particularly for low mobility solution deposited materials, there is substantial interest in tuning electronic processes by doping [13, 14] . The physical origin of doping, i.e. the interactions between the organic semiconductor and dopant molecule, has recently seen renewed interest [15] [16, 17] . Systematic studies of carrier transport properties as a function of the dopant/semiconductor weight ratio often demonstrate saturation in the t key parameters (mobility and conductivity) above a certain threshold [13, 18] . However, there are few detailed investigations on the correlation between morphology and the efficacy of doping [19, 20] .
While the influence of dopants on the electrical parameters of organic semiconductors has been addressed, one crucial question that has been poorly addressed is the morphology of the doped semiconductors, i.e. the distribution of dopants in the film but more critically, the role of (charged) dopant molecules in changing the organic semiconductor morphology. This latter aspect is expected to be highly relevant considering the widely reported and discussed effects of meso-morphology on the optical and electrical characteristics of organic semiconductors [21] [22] [23] . In this respect, experiments performed by Kahn and co-workers on imaging single dopants by STM [15] are extremely valuable, but limited to very thin films exhibiting the high crystallinity required for this technique. Very recently, Donhauser et al. [24] have reported the imaging of inorganic dopant clusters in vacuum sublimed small molecule films by transmission electron microscopy, suggesting the utility of electron microscopy to study doped organic semiconductor films. It is apparent that experimental strategies are required which allow for the visualisation of dopant distributions and resulting mesoscopic morphology of doped polymeric films.
Here, we present a study on the morphology of two widely-studied conjugated polymers:
Poly [ PCPDTBT is a prototype donor-acceptor copolymer with an intrachain charge transfer character [25, 26] , while P3HT is a prototypical conjugated homopolymer based on thiophene repeat units. Since both PCPDTBT and P3HT are well-known hole transporting materials we p-doped them with the strong electron acceptor F4-TCNQ. To the best of our knowledge we are not aware of studies on the morphology of doped conjugated copolymers such as PCPDTBT. We
show that low voltage (<1kV) scanning electron microscopy (SEM) can in parallel monitor the film surface morphology and the dopant distribution with nanometer spatial resolution in the film plane. We comment on the origin of this useful contrast by comparing the surface morphological information from SEM with results from atomic force microscopy (AFM). In addition, we cross correlate the doping induced contrast in SEM with photoluminescence (PL) confocal imaging which is sensitive to doping because of localised PL quenching. We report on morphology changes in the polymer films and clustering of dopants at two different critical concentrations for the two polymers. Interestingly, the critical concentrations are directly correlated to the saturation in conductivity of the films investigated by electrical measurements.
The results highlight SEM as a tool to investigate the morphology of doped polymeric semiconductors and suggest a correlation between morphology and saturation in conductivity for doped conjugated polymers.
MATERIALS AND METHODS
Materials and electrical characterization: P3HT (regioregularity > 95%, Mw ~ 30000 g/mol)
was purchased from Sigma-Aldrich and used as received. PCPDTBT (Mw ~ 20000 g/mol) was purchased from 1-material and used as received. Chlorobenzene from Sigma Aldrich (HPLC, spectroscopic grade, anhydrous) was used as solvent to prepare solutions which were stirred for 24 hours at room temperature before deposition also at room temperature (20 °C Confocal laser scanning photoluminescence microscopy: Photoluminescence maps were taken with an Olympus IX81 FVSF-2 with an UPLANFL N 100x objective. Excitation was performed with a 532 nm cw laser (Laser Quantum, Opus). Excitation power was 0.5 mW and was kept constant for all measurements. Samples were placed face down on the inverted microscope and photoluminescence was measured by a photomultiplier after passing through a bandpass filters centred on the PL bands of the respective polymers. Figure 1 shows the electrical conductivity of PCPDTBT and P3HT thin films doped at different concentrations with F4-TCNQ.. The conductivity of both samples exhibits saturation after the initial increase of more than two orders of magnitude in conductivity. Conductivity for samples with doping between 0 and 5% shows a monotonous increase without a maximum (not shown). Interestingly, saturation occurs at different F4-TCNQ concentrations for the two polymers. In P3HT it saturates at 5% doping and decrease at high levels (>7.5%), whereas in PCPDTBT saturation occurs at 7.5%. For P3HT, a similar trend in conductivity has been recently reported by Duong et al. [19] , although our saturation value for conductivity, 10 -4 S/cm, and saturation F4-TCNQ concentration are smaller than what other authors have reported ~10% [13] . We attribute this difference to the fact that the charge transport characteristics of P3HT depend dramatically on molecular weight [27] . In addition, our estimations of conductivity are performed with an impedance analysis that excludes displacement currents, injection resistance and ionic contributions which may result in larger values of the conductivity. Another important aspect of our experiments is that conductivity is measured at very low applied electric fields, which is a relevant variable for transport in organic semiconductors. In the following, we will discuss the correlation between the observation of dopant clustering and saturation in conductivity for both polymeric systems. Throughout this paper we present our SEM data in two rows: in the top row we used the Inlens detector positioned within the electron column of the microscope, whereas in the bottom row a detector for SE2 placed to the side of the sample is used. The SE2 detector is expected to render mainly the surface morphological features, while the information provided by the Inlens detector should be more sensitive to material properties (atomic number contrast) and electrostatic charging [28, 29] . Fig.2 (a and e) shows the pristine film surface morphology, exhibiting a fibrous texture with dimensions of the order of a few tens of nanometers.
RESULTS AND DISCUSSION
PCPDTBT is known to be a semi-crystalline polymer [30] and under the deposition conditions chosen here, we assign the fibres to domains with long range order. Interestingly, by doping 5% and 7.5% weight with respect to the polymer, Fig. 2(b-h) , the original surface morphology of the pristine polymer seems to be slightly disrupted, i.e. the size of the fibres has substantially decreased. In addition, at 7.5% weight brighter regions appear, which are clearly apparent at 10% doping ( Fig.2d and h ) and grow further in area at doping >10% (not shown). Remarkably the In-lens image in Figure 2d shows a large contrast between what might be polymer rich domains (grey areas) and dopant rich domains (bright clusters) on the basis of relative concentration arguments and the experiments below. We point out that such contrast in SEM cannot be achieved in blends of PCPDTBT with other molecules with less pronounced electron affinities, such as the fullerene derivative PCBM (Fig S1 in supporting information) , which are not capable of effectively doping the polymer in the ground state. Thus the observed contrast is unlikely to be caused by morphological effects due to blending with another molecule alone, but could arise from the electronic interaction connected to the doping process.
To further confirm the surface morphological changes we studied the same samples with a complementary technique which is sensitive only to the surface morphology. AFM images exhibit similar morphological patterns as observed in SEM (cf. (Fig. S3) where we note a corresponding change in the film morphology at 5% with the formation of clusters at 7.5 and 10% doping, in agreement with the morphological information obtained from the bottom row in Figure 3 (SE2 detector). We point out here that the overall grey-scale contrast of In-lens recorded images is slightly different in each picture, and cannot be equalized. This effect is physically related to the sample, as we discuss below. This is to explain that the apparent larger area of dopant rich domains in the 5% doped P3HT with respect to 10% is simply due to an inherently different contrast scale.
Figure 3. Scanning electron microscopy images of P3HT thin films (doped with different amounts of F4-TCNQ, weight ratios are indicated in the respective figures. (a-d) images recorded with InLens and (e-h) SE2 detector. In panel c,d,g and h the regions with bright contrast have been marked to be clearly distinguished in the SE2 images.
These results indicate that variations in the morphology of doped polymer films are correlated with changes in the electrical characteristics of doped samples as saturation in the electrical conductivity of the two polymers, at 5% for P3HT and 7.5% for PCPDTBT (Fig.1) , occurs at dopant concentrations where clustering becomes apparent in SEM images. To confirm our assignment of the bright regions in the SEM images to dopant clusters we used confocal laser scanning microscopy. This technique can give unique insights on the morphology and thereby distinguish here between the electronic excited states of doped and pristine organic semiconductors [31] [32] [33] . A laser exciting the polymer photoluminescence (PL) is scanned over the sample and the PL is collected point by point, resulting in a 2D PL intensity map. Confocal microscopy is particularly suited to probe dopant distributions in our samples, since the extra charge carriers induced by the dopant molecules are known to quench PL of the host polymer via exciton-polaron quenching leaving dark areas in correspondence of dopant molecules [34, 35] . Figure 4(a-d) shows the PL imaging of the PCPDTBT films. We point out that confocal microscopy has a resolution comparable to the diffraction limit of the excitation light (~400 nm) therefore the fibres observed in the SEM and AFM images for the pristine PCPDTBT sample are not clearly distinguishable here. The most important aspect of these data is that upon doping the overall PL intensity in the images decreases homogeneously in the whole field of view as shown in the inset images of Fig.4a-d . This behaviour is expected by comparing these PL results with the images of Fig.2 . Due to the difference in resolution of confocal microscopy and SEM, dopant clusters smaller than 200 nm cannot be resolved here, and appear as homogenous darkening. Photogenerated excitons, which have a limited diffusion length, are quenched with high probability when dopants are distributed in many small clusters. This in turn leads to the observation of homogeneous and uniform PL quenching. In the case of P3HT, however, dopant rich domains reach diameters larger than the confocal microscope resolution and tend to phase segregate already at 5%, with lightly doped or undoped regions of several microns in between. These relatively large regions of the P3HT film which are unaffected or lightly doped are thus not subjected to severe exciton-polaron quenching and thus emit PL.
Indeed, we observe that the doped P3HT films in Fig.5 (e-h) show modulations in the PL intensity on a length scale of a micron and are consistent with the interpretation that the bright clusters of similar size seen in SEM are likely to be F4-TCNQ rich areas.
As we show from Monte-Carlo simulations in supporting material (Fig. S4-S5 ), our SEM experiments are sensitive to the surface morphology within the first 15 nm of the film. It is thus important to clarify if the separation of F4-TCNQ rich and poor domains, visible in the SEM, is present throughout the bulk of the film. To address this important question, we performed TEM on samples prepared in the same conditions and delaminated from the silicon substrate. Figure 5 shows TEM images of the different samples. While the surface morphological features, observed in SEM with the SE2 detector are difficult to distinguish here, a larger contrast between different domains is present in the doped samples. Because of the transmission detection geometry, darker areas are ascribed to regions with high electron scattering probability and thus rich in F4-TCNQ, analogous to the contrast observed in polymer:fullerene blends [36, 37] . We notice that at 5% doping P3HT displays clusters rich in dopant molecules and the information obtained from SEM is thereby confirmed (Fig.5f ). For PCPDTBT (Fig.5b) we notice small clusters with dimensions below 100 nm, which are not observable in SEM. On the other hand when clusters reach dimensions of the order of hundreds of nanometers ( Fig.5c and d) , such as at 7.5%, they may be observable in SEM, since their size is comparable to or even larger than the film thickness.
Figure 4. Photoluminescence images for PCPDTBT (a-d) and P3HT (e-h) thin films doped with F4-TCNQ at different ratios as indicated in the figure. Images were post-processed for optimal contrast, the insets show the unprocessed images on a common PL intensity scale and same image size. Excitation wavelength is 532 nm.
The SEM images presented in Fig.2 and Fig.3 indicate how low-voltage SEM is a powerful technique to map the in plane distribution of dopants and surface morphology in a polymeric semiconductor thin film. It has been shown in previous publications [38, 39] that because of the small dielectric constant of these materials, the electrostatic interactions between the ionized dopant and the polymer molecules can be substantial. This may create spatial variations in the electric potential which perturbs the normal assembly of pristine polymer chains in the solid state. Another aspect suggested by our experiments is that F4-TCNQ molecules have the tendency to aggregate or form clusters above a critical dopant concentration.
This critical concentration may be influenced by the properties of the polymer. The minimum amount of dopant that can be introduced in the polymer film without altering the film surface morphology in an appreciable way is larger for PCPDTBT than for P3HT. One possible explanation for this is that the donor-acceptor structure of PCPDTBT, which has intrinsic onchain dipoles, [25, 40] is capable of screening the interaction between the ionized dopants and ionized segments of the polymer chain. This could help avoiding clustering already in the starting solution before the deposition process.
Figure 5. TEM images for PCPDTBT (a-d) and P3HT (e-h) thin films doped with F4-TCNQ at different ratios as indicated in the figure. Acceleration voltage 100 kV.
One possible reason for the observed contrast difference might be a local increase in the film thickness at the cluster sites rich in dopant, which corresponds to an increased roughness (AFM measurements - Fig.S2 and Fig.S4 ). This effect, however, can be ruled out due to the small (ca. 15 nm) penetration depth of the electron beam in the organic materials at the applied acceleration voltage of 0.75 keV as we demonstrate in our Monte-Carlo simulations (Fig. S4 ).
This penetration depth is much smaller than the average film thickness of the samples (~100 nm) and also changes in roughness unlikely result in such a defined contrast with the In-lens detector. Another possible explanation for the contrast could be the difference in atomic numbers between the polymer and the dopants, since the electron backscattering process involves the interaction between the accelerated electrons and the nuclei of the investigated materials [29] . However, the difference between the mean atomic numbers of the nuclei in the organic molecules used here is generally very small, resulting in only a marginal difference in the backscattered electron yields, when calculated using our simulations (Supporting material Fig.S5 ). Also the low atomic numbers of these materials suggest that the contribution of backscattered electrons in the image formation, either using the In-lens or SE2 detector, should be minor compared to the scattered electrons emerging due to inelastic scattering processes and thus clearly excludes a material or chemical contrast.
Interestingly while recording the SEM images we observed that the contrast evolves during acquisition and can be related to the exposure time of the doped samples to the electron
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beam. In contrast to doped samples, when a pure polymer film is investigated, it becomes gradually darker with exposure time in a rather homogenous manner (Fig. S6a) . This is indicative of a charge build-up or a lower yield in electron emerging from the sample surface [41] . The contrast development in doped films is reported in Fig. S6b of the supplementary material and is most probably due to a different charging behaviour of the dopant rich domains.
By measuring the time until a full "exposure" of the film, i.e. no further change in contrast is observed, we can calculate the necessary electron beam density for full development to be 1.6x10 9 µm -2 . It is an interesting question how this value compares to the number of dopant molecules. The area density of F4-TCNQ molecules can be calculated using the density of [44, 45] . On the basis of our experiments alone we cannot provide any quantitative statement on the amount of charged and neutral F4-TCNQ molecules in clusters. Ideally this would require a near field scanning probe technique sensitive to conductivity such as conductive AFM [20] or more sophisticated approaches such as Auger photoelectron spectroscopy mapping, which are not available to us.
In correlating this electron microscopy study with the results of the electrical characterization reported in Fig.1 we stress that saturation in the values of conductivity seem to be linked to the appearance of clusters rich in dopant molecules. To base our discussion on a more quantitative analysis of the images, we have measured the perimeter of several clusters as detailed in the method section. P3HT exhibits saturation in conductivity at 5% dopant ratio, where clusters with an average perimeter size larger than 500 nm are the 13% of all the clusters detected by SEM. This indicates that F4-TCNQ molecules in cluster are less likely capable of acting as electron acceptors and to effectively dope the P3HT conjugated segments. The shift in the saturation conductivity for PCPDTBT at 7.5% doping ratio is reflected in a significant clustering occurring mainly at this ratio or higher. For PCPDBT, we were able to provide a quantitative estimation of the cluster perimeter size only for the 10% sample (see Fig.S7 ), where clusters with an average perimeter of 500 nm are 22% of all the cluster detected. As a comparison the 10% doped P3HT sample has 31% of all clusters with an average perimeter larger than 500 nm. These quantitative estimations on morphological aspects provide also valid arguments to discuss the higher absolute conductivity of doped PCPDTBT with respect to P3HT.
CONCLUSIONS
We used the strong electron acceptor F4-TCNQ to dope P3HT and the copolymer PCPDTBT. 
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